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Description 

_Background of the Jnyention 

5 The present invention relates to optical and laser spectroscopy and. in particular, laser induced fluorescence (LIR 

spectroscopy which has recently been explored as a technique for medical diagnosis 

It IS known that fluorescence spectroscopy can be used to diagnose the presence of atherosclerosis in human artery 
wall. emphasizing the use of empirically defined algorithms to determine tissue type from fluorescence spectra For 
,„ T^A" 5 '" 9 L,F s P ectrosc °Py- Kittre » * "Diagnosis of Fibrous Atherosclerosis Using Fluorescence" 

10 Apelied_Qptics 24, 2280 (1 985). have demonstrated that such an empirical algorithm can be used to differentiate normal 
aorta and early atherosclerotic plaque jp vitro. Fluorescence spectra of normal aorta and fibrous plaque were differen- 
tiated by the peak to valley ratio of the fluorescence intensity at 600nm to the intensity at 580nm 

Catheters employing optical fibers for the illumination/viewing and treatment of tissue are now used with sources 
of laser radiation for a variety of medical applications. Through the insertion of the catheter into a human artery or bodily 
is cavity, laser rad.at.on of a given wavelength can be used to illuminate tissue within the body such that the tissue fluo- 
"J 1°? 9e " erated by tissue f '"orescence is then conveyed by one or more of the optical fibers to the proximal 
end of the catheter where rt can be analyzed to yield information about the tissue under examination 
The present invention is as claimed in the claims. 

The method of the present invention relates to the diagnosis of tissue and particularly targeting of chromophores 
in soft tissue wrth optical radiation and analyzing returning radiation to determine the type and abundance of those 
chromophores. By utilizing the laser induced fluorescence of chromophores contained in the tissue the concentration 
of those chromophores yields significant diagnostic information about the tissue. The method provides a technique for 
rapid identification and diagnosis of tissue without the highly invasive procedures currently in use 

Chromophores that naturally occur in tissue respond to incident light by several processes Absorption of light by 
he tissue w.11 occur based on the characteristics of each of the chromophores that are present. Single or multiple wave- 
length excitation will provide a characteristic spectrum or profile of the tissue being illuminated. Some of the chromo- 
phores ,n the tissue will fluoresce depending upon the excitation wave length or wavelengths so that the fluorescence 
emission will define a characteristic profile for that tissue. 

* a l tne f^ 0 "! 1 ! 80 nas a fl "° r escence «etime which may be measured and analyzed to reveal important 
!S^?? rm !2 n i ,n addition. tne Arnica' moieties-in the tissue exhibit inelastic or Raman scattering, which also 
provide useful spectral information. 

The total spectrum is the sum of the individual contributions of the many chemical constituents of the tissue When 
additional excitation wavelengths are used, chromophore excitation is also altered, some emitting at stronger intensities 
« ? ^ weaker ° Vera " Pr0fi ' e Changes aS each indh/idual contribution changes. The use of many excitation 
35 wavelengths assists in the identification of the chromophores present in the tissue 

In particular, tuning through the absorption edge of a chromophore at a particular wavelength can result in sharp 

S" 116 , e E S8 »" s P ectrum - Tunin 9 close to edge allows the spectral profile to be adjusted like a dimmed 
switch relative to the other chromophore contributions to the spectrum. 

Since different types of tissue have different chemical composition, spectroscopy can be used to identify different 
chromophores present in the tissue being diagnosed. By measuring the presence and amount of the chromophores 
the tissue type can be more fully characterized. For increased accuracy in diagnosis, or to help distinguish between 
s,m,lar but non-identical tissues, several wavelengths can be used to target several chromophores 

c«^ C So^ na \ Ur ^' y ^ CCUrrin9 cnrom °P hores ™* ultraviolet light in the 305-310nm range generates fluorescence 
spectra (330-500nm) which are useful in characterizing tissue type and condition. Various types of arterial tissue includ- 
mg normal, diseased aorta and coronary artery have been examined to obtain spectra in bulk tissue using collection 
optics. 

inyiyo. applications utilize a catheter containing one or more optical fibers which is inserted into an artery bodily 
cavity or tissue surface such that the distal end is positioned adjacent to the tissue to be diagnosed. A specHte chmmo^ 
^ ? r0mophores is *«" se,ected fo r analysis by selecting an irradiating wavelength known to excite the 
S '* ^!?k ° r l ? rOUP ° f cnromo P h °res. A source of optical or laser radiation is then coupled to the proximal 
end of selected fibers wrthin the catheter and the tissue bang analyzed is then illuminated with radiation, causing it to 

end of the catheter, where it is analyzed to determine the chromophores and. hence, diagnose the tissue. 
th» JTlShT 6 ? T be ^ t0 matCh *" peak action of the chromophore being detected. Alternatively 
^ZS^ZIT^""? ^ 6 SeleCt6d to disCTiminate between adjacent peaks of known chromophores. It can 
^S!,?^^ 96 ° f 3 PartCU,ar chrom oPr»re to identify its contribution to the spectrum. Other 
ctnce peTte aSCertained Dy exdb ' n 9 1 "° chromophores and determining the ratio of the fluores- 
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This present method provides information regarding the chemical constituents of the tissue being examined. In 
particular, the presence of certain f luorophores can be detected whose presence is an indicator of specific tissue pathol- 
ogy. Tissue fluorescence spectra can be deconvolved to yield more information regarding the fluorescence spectra. The 
method shows that in an optically thick sample of tissue the observed fluorescence signal is not simply the sum of the 
fluorescent contributions from individual chromophores but that frequency dependent absorption must be taken into 
account to properly deconvolve the spectrum. ■ - « 

A further embodiment of the present invention relates to a method of tissue analysis involving the use of timenJecay 
laser induced fluorescence spectroscopy. The monitoring of fluorescence decay times also provides information regard- 
ing the chromophores present in human tissue. 

Human aortic tissue and coronary artery tissue has been excited in the range of 305-3 1 2nm to produce fluorescence 
decay signals in the range of 320nm to 500nm. This has provided information regarding the presence of certain f luoro- 
phores in the tissue, including the contribution thereof to the spectral lineshape. 

Note that these procedures are performed on endogeneous tissue, that is. tissue that has not been treated with 
dyes or stains commonly used to enhance the fluorescence characteristics of biological materials or tissue. The present 
method thus provides for the rapid diagnosis of "native" or endogeneous tissue, including tissue within human subjects 
accessed by catheters having optical fibers to couple precisely controlled amounts of radiation to the tissue. 

The above, and other features of the invention including various novel details of construction and combination of 
parts, will now be more particularly described with reference to the accompanying drawings and pointed out in the claims. 
It will be understood that the particular method of laser induced fluorescence of tissue embodying the invention is shown 
by way of illustration only and not as a limitation of the invention. The principal features of this invention may be employed 
in various embodiments without departing from the scope of the invention. For example, the present method can be 
used in diagnosing the condition of various kinds of tissue. 

Brief Description of the Drawings 

Figures 1 A. 1 B. 1C and 1D are graphical illustrations of emission spectra resulting from a 310nm excitation wave- 
length of normal intima (1A) f fibrous plaque (IB), fatty plaque (1C) and calcified plaque (1D) where the typical pulse 
energy is 150nJ. 

Figures 2A. 2B and 2C are graphical illustrations of emission spectra of ablation damaged tissue excited at a 305nm 
wavelength. Figure 2A shows the emission spectrum 6f normal tissue after ablation into but not through the tissue. Figure 
2B shows the emission spectrum after ablation into, but not through fatty plaque. Figure 2C shows the emission spectrum 
of tissue after ablation through plaque into normal tissue. 

Figures 3A, 3B. 3C and 3D illustrate a probe devices and the optical system used in performing the method of the 
present invention. 

Figure 4 graphically illustrates excitation and emission profiles of tryptophan (10~5M)( ). S. epidermidis ( ). 

and E. coli ( ). The excitation scans were obtained with A* m =340nm and the emission scans were obtained with 

A ex =290nm. Note that the intensity scale has been arbitrarily adjusted. 

Figures 5A. 5B and 5C are graphical illustrations of spectra showing the UV absorption of pyridinqline in 0 1 N HCJ 

(-•--), in 0.1 M potassium phosphate buffer. pH 7.4 ( ). and 0.1 N NaOH ( ) (Figure 5A); the activation spectrum in 

0.02M potassium phosphate buffer. pH 7.4 with fluorescence at 400nm (Figure 5B); and the fluorescence spectrum in 
0.02M potassium phosphate buffer. pH 7.4. with activation at 325nm (Figure 5C). 

Figure 6 is a graphical illustration of the emission spectrum of normal aortic tissue taken with a ffcer-optic device 
with excitation at 305nm. 

Figures 7A-7E are graphical illustrations of the fluorescence emission intensity plotted versus wavelength for the 
these different excitation wavelengths 306nm. 308nm, and 310nm for A) bulk normal aorta. B) atherosclerotic plaque. 
C) atheromatous plaque. D) nonulcerated calcified plaque, and E) ulcerated calcified plaque. 

Figures 8A and 8B are schematic graphical illustrations plotting intensity (arbitrary units) versus wavelength of an 
emission scan (8A) with excitation at 308nm, and an excitation scan (8B) of L-tryptophan in tris buffer with the emission 
peak at 350nm. 

Figures 9A and 9B are graphical illustrations of emission spectra at 308nm excitation for A) collagen with a peak at 
383nm and B) elastin powder with a peak at 379nm. 

Figure 10 is a graphical illustration plotting fluorescence decay curves of human aorta at (a) 305nm excitation and 
440nm emission, (b) 305nm excitation and 350nm emission, (c) 310nm excitation and 440nm emission and (d) 310nm 
excitation and 350nm emission. The curves have been offset relative to one another. 

Figure 1 1 is a graphical illustration of a fit of the fluorescence decay of human aorta at 305nm excitation and 350nm 
emission. 

Figures 12A and 12B are the autocorrelation of the residuals (±0.3 full scale) and the weighted residuals (±5 full 
scale) for a three exponential fit (x2 =1.15) (at 12A) and the same curves for a four exponential fit (x2 = 1.08) (at 12B). 
The residuals for three and four exponentials are similar, however, the autocorrelation for three exponentials shows a 
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long range deviation, indicating a poor fit while the autocorrelation for four exponentials shows no such deviation indi- 
cating a good fit ' 

Figure 13 is a graphical illustration of the emission spectrum (a) of bulk normal aorta excited at 476 nm and the 
product p SP (476) F SP (476) dz(b). 

Figure 14 graphically illustrates the attenuation lineshape xsp(476) A SP (476,X m ). 

Figure 15 graphically illustrates an average plot of several curves showing the normalized hemoglobin attenuation 
Mnesnape. 

Figure 1 6 is a graphical illustration of the normalized ceroid fluorescence lineshape measured from the bulk necrotic 
core of several fatty plaque specimens. 

Figure 17 graphically illustrates the correlation of actual fluorescence lineshapes for normal (0). calcified atherom- 
atous (5) and atheroschrotic (2) sample with fluorescence lineshapes estimated by the disclosed procedure. 

Figure 1 8 is a scatter plot for an empirical procedure. 

Figure 19 is a scatter plot of p SP for the measured samples. 

Figure 20 is a scatter plot of p' Ce for the measured samples. 

Figure 21 is a scatter plot of %nb for the measured samples. 

Figure 22 is a graph of p'c* versus p SP for all classifications except intimal fibroplasia. 

Figure 23 is a graph of p'c versus p SP for all classifications including intimal fibroplasia samples. 

Figure 24 is a graphical illustration of truncated normal distributions of pHSPY. 

Figure 25 is a representation of the truncated normal probability distributions of the binary classification scheme of 
P'co versus p SP shown as a contour plot 

Detailed Description 

Excitation of naturally occurring chromophores with ultraviolet light in the 305-31 Onm range generates fluorescence 
spectra (330-500nm) which are useful in characterizing tissue type and condition. Various types of arterial tissue includ- 
ing normal and diseased aorta and coronary artery, have been examined to obtain spectra in bulk tissue using collection 
optics described in more detail below. 

The excitation source for User Induced Fluorescence (LIF)in a preferred embodiment of the invention was a dye 
laser pumped by a 10 Hertz Nd:YAG laser and frequency doubled. Gated integration minimized background noise by 
taking advantage of the ten nsec duration pulse. The results demonstrate that the tissue LIF has several spectral features 
which vary with tissue type and condition. 

The spectra taken in bulk tissue indicate that normal aorta can be distinguished from plaque, and that different types 
of plaque (fibrous, fatty and calcified) also exhibit different emission spectra (Fig. 1). The tissue tolerance to the low 
power diagnostic ultraviolet light is good. Even after substantial exposure, distinctive spectral features remain even 
though there is a significant loss of fluorescence energy. After ablation with a high power argon-ion laser, the remaining 
aortic plaque can be distinguished from damaged normal media (Fig. 2). The excitation wavelength is changed from 
310nm to 305nm in this particular example. When plaque has been ablated away exposing the underlying media the 
ultraviolet LIF spectrum more closely matches that of normal media which had no overlying plaque, that is. this technique 
determines when the plaque layer has been penetrated. v 

Spectral features are very sensitive to excitation wavelength; changing from 305nm to 310nm makes a substantial 
difference in the emission lineshape. Tryptophan fluoresces strongly with 285nm excitation and dominates the spectra 
but the long wavelength weak absorption "tail" occurs in the 305-31 Onm range, so that a careful selection of the excitation 
wavelength will act as a chromophore "dimmer switch" and control the size of the tryptophan emission peak at about 
340nm. 

Figure 7A displays three emission spectra, excited at 306, 308 and 31 Onm. from a typical sample of normal aorta 
The emission lineshape is extremely sensitive to the excitation wavelength, as a very small change in wavelength results 
in a quite different spectrum. These spectra illustrate the sharpness of the transition between the short wavelength and 
long wavelength bands. At 306 nm excitation, the large emission peak at 340 nm dominates the spectrum. A minor 
shoulder at 380 nm and a valley at 418 nm are also present. With a change in excitation of merely 4 nm to 310 nm the 
I ^LT, P „!f k disappears ' ,eavi "9 a P eak at 380 nm - which was apparently hidden under the larger 340 nm emission 
band at 306nm excitation. The lineshape at wavelengths longer than 380nm remains relatively unchanged. The emission 
scan at 308nm has a lineshape intermediate to the 306nm and 310nm spectra, and can be regarded as the transitional 
point at which the short and long wavelength bands contribute in roughly equal amounts to the total emission 

In order to derive physically meaningful information from this fluorescence, it is necessary to identify the tissue 
components and the individual molecular groups responsible for the observed emission lineshapes In a multicomponent 
dilute solution or an optically thin section of tissue, the fluorescence signal is a simple sum of the fluorescence contri- 
butions of the individual components In an optically thick material such as bulk tissue, however, the effects of fluores- 
cence reabsorption can produce profound alterations in the emission lineshapes of these components. These effects 
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must be understood and separated from the intrinsic fluorescence of the components in order to accurately identify the 
active species. 

Figures 7B-7E display LIF spectra excited at 306, 308. and 31 0 nm of typical samples of an atherosclerotic plaque, 
an atheromatous plaque, a nonulcerated calcified plaque, and an ulcerated calcified plaque. Similar to normal aorta, 
the fluorescence lineshapes of each can be divided into a short and a long wavelength band. The short wavelength 
band is assigned to tryptophan, and the long wavelength band to collagen/elastin using equivalent arguments as those 
employed for normal aorta. The differences in lineshapes between the atherosclerotic lesions and normal are suggested 
below to be a result of a change in the relative concentrations of these components. Additional, distinct f luorophores in 
the atherosclerotic specimens are not observed at these excitation wavelengths. 

The LIF lineshapes of each type of atherosclerotic lesion are quite distinct and certain spectral features of each 
are worth noting. The intensity of the short wavelength band relative to the long band is slightly higher in the atheroscle- 
rotic plaque (Figure 7B) than in normal aorta (Figure 7A)^ Among the atherosclerotic lesions, this intensity ratio is largest 
in the atherosclerotic plaque, smaller in the atheromatous and nonulcerated calcified plaques, and smallest in the ulcer- 
ated calcified plaque. However, all the samples show a similar excitation behavior for this band, as the fractional change 
in fluorescence emission intensity at 340nm when changing from 3 1 0nm to 306nm scans, in which the interference from 
the tryptophan band is minimal. The hemoglobin valley at 418 nm is present in varying degrees, being most prominent 
in the atherosclerotic plaque specimen, less so in the atheromatous and nonulcerated calcified plaques, and apparently 
absent in the ulcerated calcified plaque. In the atheromatous and nonulcerated calcified plaque specimens, the long 
wavelength fluorescence tail (440-540nm) is markedly reduced, indicating an increase in the collagen contribution to 
this band relative to that of elastin. The atherosclerotic plaque spectrum also shows a reduced 440-540nm fluorescence 
tail compared with normal, although this reduction is not as great as in the case of atheromatous and nonulcerated 
calcified plaques. The 440-540nm tail in the spectra of the calcified plaque, on the other hand, shows no such reduction 
as compared with normal. 

The fluorescence peak at 340nm is attributed to the aromatic amino acid tryptophan, a known UV fluorophore. 
Tryptophan in aqueous solution shows a 60nm FWHM fluorescence band peaking at 348nm when excited in the ultra- 
violet. The peak position is somewhat sensitive to environment; for instance, tryptophan powder peaks at 330nm when 
excited with 308nm. Tryptophan emission (Figure 8A) peaks between 330 and 350 nm, depending on its local environ- 
ment. In the buffered saline, it peaks at 350 nm. while in 1 ,4 dioxane (a hydrophobic solvent), it peaks at 329 nm. The 
short wavelength band in optically thin normal aorta spectra peaks around 332 nm, so it appears that tryptophan is 
located in a more hydrophobic environment in the tissue. For example, tryptophan emission from the common intracellular 
protein actin in aqueous solution (pH7) has a high fluorescence quantum yield (0.24) and a peak emission wavelength 
of 332 nm. The assignment of the short wavelength band to tryptophan has been confirmed by more extensive fluores- 
cence excitation-emission matrix studies of human aorta. The excitation spectrum of tryptophan is shown in Figure 8B. 

The appearance of a peak in an emission spectrum is thus associated with a distinct fluorophore having its maximum 
emission at that wavelength. The 450nm peak in the present spectra is the result of the singly-peaked broadband fluo- 
rescence at 387nm, distinct from the fluorescence at 340nm, modulated by reabsorption near 417nm. It has been dem- 
onstrated that the valleys in their visible LIF spectra of arterial wall above 500nm are due to reabsorption by oxy- 
hemoglobin or other porphyrin type absorbers. The Soret absorption band of oxy-hemoglobin occurs at 41 5nm, matching 
the wavelength of the valley in our spectra. This was confirmed by the absence of this valley in LIF spectra of 4\im tissue 
sections taken with a Leitz UV-fluorescence microscope. Such sections are essentially free of reabsorption; conse- 
quently, the absence of the 41 7nm valley in the thin section indicates that the valley in our bulk tissue spectra is due to 
reabsorption of LIF. Similar valleys previously observed in the visible in artery and in breast tissue are due to the same 
effect. 

The long wavelength band, peaking at 380 nm, is a combination of collagen and elastin. each of which makes up 
20-30% of the dry weight of normal intima. The emission lineshapes of collagen and elastin are similar, with the peak 
of collagen at 383nm and that of elastin at 379nm (See Figure 9). In addition, both are relatively insensitive to excitation 
wavelength. However, their emission lineshapes do have an important difference: the collagen bandshape is significantly 
narrower than the elastin bandshape. For example, the fluorescence intensity of elastin at 480 nm as compared to its 
peak is 0.3. while that of collagen is 0.1. This distinction allows collagen and elastin to be spectroscopically separated. 
It is known that several distinct fluorophores may be active in both collagen and elastin. The cross-linking moieties 
pyridinoline in collagen and pyridinoline and/or trityrosine in elastin are the fluorophores active at these excitation wave- 
lengths. 

In the above example, the excitation wavelength is on the short wavelength absorption maximum of the collagen 
peak, so the collagen intensity can vary in the opposite direction of tryptophan, and more slowly. Therefore, excitation 
wavelength can be carefully selected so that tryptophan emission is relatively strong in tissue which contains it. such as 
normal media; and is relatively weak in tissue with low tryptophan content such as fatty or calcified plaque. Likewise, 
pyridinoline is a fluorescent compound found in elastin and collagen (See the absorption spectra of pyridmoline in Fig. 
5A) and contributes to the 400nm signal which is strongest for tissue containing elastin. Thus, correlating observed LIF 
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S^TdS™! ^^tion ' S "fed when excitation wavelengths can be selected to enhance differences based on 
known differences in chemical make-up of different types of tissue. 

dpnrIHL a ,h! n I 0 " ' aS w tissu f ab,atk)n substantially reduces the tryptophan contribution, and it appears that heatina 
•£ TT 0 "*- J* 1 ' 5 iS 38 3 SUbS,artial d6Crease in "^escence yie.d with 2£nm excitation To 

tTSI^ 6 ^tw^engto is to 305nm for studying ablation-damaged tissue (See RgV) 

SaZ?Zni n l° m the , Sn S 8mOUnt ° f tryptophan remainina is enhanced - ^ using a snorter wavelength and 
ablation-damaged plaque and media can be distinguished. 

This sensitivity to excitation wavelength should also be considered when studying tissues with a high nucleic acid 
, Th L abs ° rp,,0n of nuc,eic acid «~*P« that of tryptophan, but the quantum yield is mucMess^o^r aiZ 

■ tryptophan edgein a region of the trytophan emission spectrum where the intensity varies rapidly as a functiW exci 
EX ^ 6,en9th ' the ;i ,s ^ t^ relative enhancement of nucleic acid absorption The emission c^Ss 

L!£ H ran9e „° f UF tiSSUe SpeCtra - Narrowband ^citation is very important; when searching for^aTwavS 
' f 2™ 9 1 ^ wave,eno,hs Wi " elicit a P^erful response from tryptophan. As explained aC^aTe 

SsonSon isTr^ 1^ k*^ * dUe t0 abSOrptfon * hem ^ lobin in th ^ ssue - SSSjSS 

Snd?2r^^ ^^.P 1 ' 0 " band of P^Prvrin- This will not be caused by hemoglobin atone, as theSoret 
Dand is characteristic of porphyrins in general. 

hA.nfTf! 3 /' 9- 6 ! ^ reC ° rded USi " 9 3 ,ber -°P fic devi ce (See the moredetaileddescription of the collection system 
} " £ P ' U9 C ° nta,ning a 200 micron we silica «ber was inserted into a 3mm sHica test tube A central^ 

h ^ ^.T C0 " eC,0r ri " 9 ,iberS had the pr ° Ximal ends P""* at 1,16 monochimSrSf One 
2 S^n H^JfL S r rat6ly °° nnec,9d 10 3 P^^e to monitor laser pulse energy impinging on the tissue 
£2 f"?* at,oed " or rf f° u P |in 9 °Pt' cs a re used, the scattered laser light can be split off near the monochroS 

M« IniVIZt connect,on tbe Present invention have been more fully described in issued U.S 

Patent No. 4.91 3, 1 42 having a priority date of March 22. 1 985. 

« ia m2f s referred en S df I!lf m ? 3 Pr ° be US6d for laser induced ,lu °rescence of tissue is shown in Figure 3B in which 
Zr 6 ^ C0, ' eCted ,hrOU9h 3 fber <* tic probe - 015131 end of this probe consists of a cenJao 

f ^ T f ^ f ' ber and nine surroun d1ng 1 00 urn fused silica core collection fibers anano*^*w! 

rJKST 9 18 ma,nta,ned 00 *• snield o^ surface and the collection geometry is reproducible and wet 

^iHJS^SST? *V raCBOna ' ^ 01 W6r,aP " me •* iMon 300 is calculated to be 

^ J J, 9 "degree of overlap is important, as LF tissue experiments in the visible have shown thatfluorescence 
SSTdS^r enhanced in the collection regions not directly illuminated by the exaMo^Mtoe^*™! 

!^ i Ce '^ e axCrtat,on ,' ber 18 is iso,a ted from the collection fibers 24 and is connected to a fiber-to-f £er 
to^mor^^ 

Oo^SSSaVi 2£2!2 H F . h " -T Perform6d Wfth ** PS6C ,aser s y stem usin 9 ™~ Correlated Photon 
w ™ „ ?' S l metn ° d 03,1 determine fluorescence decay times with resolution of 30-100 psec. It is also good 

25rJS 0,OP « 9 3 vMm C ° Untin9 SyStem> ft iS d6Si9ned to we " witb ^ak signals. In fadTsS 
signals can require attenuation. The TCPC method has become well known and needs no torther description 9 
The fluorescence time decay of human aorta excited in the same range referenced above was measured at 350 
and 440nm. wavelengths at which the emissions of the two fluorcphores are well separated. At 305nm Son aS 
350nmem,ss,on.theshorterwave.engtf 1 f.uoropho re 

decays are similar at the two excitations; however, the 350nm emission decays somewhat faster than the emission at 

th» S 10 T rart ' r f rmat, A on from the time-resolved decays, the decay curves were fit to a sum of exponentials in 
theformK(t) = A exp(-t/T 1 ) + A 2 exp(-VT 2 ) + . ... Deconvolution analysis was done by an iterative recorrvotoTethod 
witfi parameter adjustment by the Marquardt procedure. The quality of the fit was judged by J^SSST?£ 

S£.™it two or three exponentials, as indicated by the drift in the autocorrelation function (Fig 12?) A 

a o/n T !l e i 5 ?r i ?! emiSSi0n eXCfted With 305nm deCayed With time ^stants of 0.003(0.73). 0.65(0.14). 2 1(0 070) and 
.n SSilT^r^n' 118 T are reP ° rted i n nanoseconds ' and ^eir corresponding normalized am^itudes A a^r 
?gSo^?tSo?« ^K^ m,SS,0n . W,h 310nm excitation yielded time ^tants of 0.071 (aS2). 0.61^29) 
S ^ 0010 excrtattons. the last two time constants are longer at 440nm emiss on compared «Sh 

em.ss.on at 350nm. One possible explanation is energy transfer to the longer wavelength flu oUrSe TS£ ^e^ 

that the values (33 ps and 71 ps) are distinct Scattered laser light is rejected as a possibility for this fast component, as 
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a cutoff filter eliminates this soiree of light. A similar short lifetime component has been observed in fluorescence decay 
of tryptophan in several different proteins, which has been attributed fast energy transfer. 

As discussed above, the fluorescence at 350nm excited by 305nm is due to tryptophan. Tryptophan fluorescence 
in solution has two exponentially decaying components with time constants of 0.6 and 2.5 ns. Longer decay constants 
for tryptophan fluorescence have been observed in other environments. The three long time decay constants of 0.65. 
2. 1 and 4.9 ns are in the correct range for the known values of tryptophan lifetimes in different environments. 

As discussed above, tryptophan is an efficient fluorescing moiety in tissue; in fact it will totally dominate if excited 
at its absorption peak at 280nm. However, by carefully choosing the excitation wavelength, about 31 Onm, the tryptophan 
absorption cross-section is much smaller and the emission does not overwhelm much weaker fluorescing chromophores. 
Therefore, tissues containing relatively more tryptophan (normal vs. plaque) will have more of this efficient chromophore. 
But efficient fluorescence means that other competing non-radiative depopulating processes are less effective than for 
weakly emitting chromophores. Since the non-radiative decay processes rather than radiative processes generally dom- 
inate the population removal, the excited state for an efficiently emitting chromophore will live longer, yielding a longer 
fluorescence lifetime. Proportionally higher tryptophan content will lengthen the observed tissue lifetime. 

There are other wavelengths of interest: 365nm excites NAD/NAD H; are 400nm excites blue-emitting chromophores. 
and 470nm excites the 500-620nm chromophores. Similar lifetimes for the various "peaks" confirms the hypothesis of 
a single fluorescing chromophore which is given structure by hemoglobin reabsorption in bulk tissue. Dissimilar lifetimes 
would indicate more than one overlapping chromophore emission spectra. Non-exponential decays tend to indicate this 
also, although one chromophore in two different environments can also be bi-exponential. Changing excitation wave- 
length helps here; as has already been demonstrated for ultraviolet tissue spectroscopy, the chromophore fluorescence 
is enhanced or inhibited relative to another. 

To r eiterate, LIF measurements of human artery wall indicate that at least two distinct f luorophores are being excited 
in aorta in the 305 to 310nm region. The structural proteins collagen and elastin, via similar cross-linking agents, are 
probably responsible in large part for the longer wavelength fluorescence. The shorter wavelength fluorescence is attrib- 
uted to tryptophan. 

The present procedure establishes the ability to spectroscopically observe two or more f luorophores and determine 
relative contributions to the spectrum. The spectral lineshape is very sensitive to excitation wavelengths near the absorp- 
tion edge. For example, tryptophan shows such sensitivity between 305 and 310nm, the relative contributions of each 
f luorophore to the overall spectrum can be precisely controlled. Either f luorophore can be emphasized to aid in diagnosis 
by simply tuning the excitation wavelength a few nanometers; in addition, two or more f luorophores can be simultaneously 
observed by an appropriate choice of excitation wavelength and the ratio of emitted peaks can be adjusted for optimal 
comparison. This control is very important in identifying the chromophores and, hence, diagnosing the tissue type and 
condition for all kinds of bodily tissue. Differences in relative concentrations of the molecules, for instance in normal and 
diseased arteries, can be spectroscopically monitored; in addition, such relative measurements are both easier to per- 
form and less sensitive to uncertainties in collection efficiency compared to absolute measurements. 

LIF spectral signatures of arterial tissues have been observed using ultraviolet excitation. Excitation wavelength is 
critical to the spectral signatures, and selection of the wavelength has a basis in knowledge of the composition of the 
tissue. Spectral emission can therefore be tailored by selecting the excitation wavelength to enhance differences. Indi- 
vidual tissue components and localized laser damage may be studied microscopically. Spectral "tours" of the thin sections 
can help determine the individual contributions to the bulk tissue spectra which will help generate a physical and chemical 
basis for understanding the LIF spectral fingerprint of bulk tissue. Photochemically induced changes in spectra reflect 
changes in the oxidation state of native compounds. Picosecond time resolved measurements will aid in this under- 
standing. This is of general applicability and should be readily adapted for studying cancerous and other diseased and 
healthy tissue. 

The following relates to a general method of extracting clinical information about tissue type, degree of disease, and 
physicochemical composition from tissue fluorescence spectra, utilizing a general model of tissue fluorescence. Our 
approach, which is based on a single-layer method analyzing of tissue fluorescence, includes contributions from intrinsic 
fluorescence, scattering and absorption from individual tissue components. In principle, as this physicochemical infor- 
mation is intimately related to the pathologic state of the tissue, the method should provide more precise diagnostic 
criteria than empirical methods. 

As a specific example of this general method, the 476nm laser induced fluorescence (LIF) spectra of human artery 
wall of 148 samples from 30 autopsy sources has been analyzed. The utility of empirical methods and the present 
method based on a general diagnostic is compared. In addition the extracted parameters are procedure correlated to 
the chemical composition of the tissue. The results demonstrate that the method characterizes the chemical composition 
of the tissue, and can be used to classify the pathology of the tissue. 

In the following embodiment the one layer method of tissue fluorescence is presented and applied to human artery 
wall. The apparatus used to obtain tissue LIF spectra has been presented earlier. Thus the following outlines the pro- 
cedures utilized to extract fluorescence and attenuation lineshapes for the chromophores of arterial tissue. Application 
of the method to different arterial tissue types is demonstrated and the results are summarized. The extracted parameters 
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are correlated to the chemical imposition of artery and the use of the method for diagnosing different stages of athero- 
sclerosis in terms of sensitivity, specificity and predictive value are presented. 

_ ^ P [ eS T * e " erai metnod - tfesue is represented as a single layer, which is infinitely thick with respect to the 
£™ Jl« ^ 6 iTOdiatin 9 ms Proposition is most appropriate for excitation wavelengths for which 1/e of 

?™TnSJ,° n ^ 6P 'I 955 * an the thiCknesS of the top ln addition ^ Ihe present method light is attenuated 
exponentially ,n tissue, due to absorption and scattering. In describing this attenuation, scattering and absorption are 
not treated separately but are considered together as total attenuation. For this method, chromophores are distributed 
homogeneously in the tissue and the excitation beam is assumed to be uniform in profile and infinitely wide 

Edge effects are neglected thereby restricting the method to a single dimension, namely, depth into the tissue The 

(1) S(X X ,XJ = k J P(X)e ^ dz 

0 ^ ' * 

A B 



off^ J . tte " n9 ' * e max| rnum intensity just below the tissue surface is higher than the incident intensity. This 
q i ) 38 k ' 3 P^^ 0 " 3 '^ fact °r which depends on the tissue index of refraction and the incident 
wavelengthand also contains the detector efficiency. P(AJ denotes the incident excitation power, yjn and *J\) in 
unrtstf ength i. are the total attenuation and absorption coefficients of the tissue, respectively. ^.XJ isfcequarrtum 
yield I of fluorescence, defined as the total fluorescence energy emitted at X, over the total absort>ed Energy at X, ar£ 
z is the distance from the irradiated surface. 

r ra 5 qUa ^ n i 1) 3 Simple RhySiCal irrter Pretation. Term A represents the attenuation of the incident radiation; term 
thi« ^^h^"!!^, ° f * hiS ,i9ht int ° badward directed f ,u °rescence; and term C represents the attenuation of 
Z J^ f fluorescence. On average, assuming isotropic emission of fluorescence, the net backward 

directed fluorescence is half that of the total net fluorescence, resulting in the factor of 2 in term B 
Integrating Eq. (1) yields: 

kP(X x ) M x x )*<^!!> 
* X "- X »>- (n,(X x ) + tlt (x m) ) (2) 

The quantities n a * and m contain contributions from all of the individual tissue chromophores. It is this information 
phores^" 1 ' 65 Separat '° n - " muS " 3 more useful to wite E * is to ^ress M» and n, as sums over the N chromo- 

S(X x .x m ) = k P(X X ) i^J _ (3) 

£uV* x ) + H,,(A. m )) 

fl ort a iJ!^L h f? J * bee ." aPP " ed ! ° 3 SpecifiC system: 106 L,F of human ^aver aorta excited at 476 nm. Human 
S. l Qen T3^? ee K V M S - " n ^ ma ' tiSSUe ' ,h6 ,Uminal ,ayer ' intima - is cornprised of an endothelial layer, a few 
STSL^ErT? some fibroblasts. The second layer, media, is made up mainly of elastin and some smooth muscle 
cells. The outer layer, adventitia. is comprised of loose connective tissue 

Different stages in the progression of atherosclerosis, summarized in Table 1. are classified by the chemical and 
physical changes which occur within the intimal layer. y cnem 'cai ana 
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The first stage, intimal ftoroplasia (1). is characterized initially by irttimal proliferation of smooth musde cells and 
fibroblasts. In well developed 

Table 1 



Category 


Tissue Type 


Intimal Morphology 


0 


Normal 


Endothelial layer 






Some collagen 






Some fibroblasts 


1 


Intimal Fibroplasia 


Smooth muscle cell proliferation 






Collagen accumulation 


2 


Atherosclerotic 


Collagen proliferation 






Invasion of lipids and foam cells 


3 


Atheromatous 


Collagen proliferation 






Formation of necrotic core 


4 


Calcified Atherosclerotic 


Atherosclerotic + Calcifications 


5 


Calcified Atheromatous 


Atheromatous + Calcifications 


6 


Fibrotic/Sclerotic 


Dense collagen proliferation 






Loss of lipids 



intimal f foroplasia, collagen accumulates. An atherosclerotic plaque (2) is indicated when the intima is infiltrated by lipids 
and foam cells. When the center of the plaque becomes necrotic, the plaque is characterized as atheromatous (3). Both 
atherosclerotic and atheromatous plaques can develop significant calcifications, and are then classified as calcified 
atherosclerotic (4) and calcified atheromatous (5) plaques respectively. Fibrotic/sclerotic lesions (6) are end stage 
plaques, characterized by intimal sclerosis with loss of lipid and foam cells. 

476 nm laser induced fluorescence microscopy of normal tissue and the types of atherosclerotic plaques described 
previously has shown that the important f luorophores are those listed in Table 2. 



Table 2 



0.1 


2.3 


4.5 


6 


Fluorophores: 








Collagen 
Elastin 


Collagen 

Elastin 

Ceroid 


Collagen 

Elastin 

Ceroid 


Collagen 
Elastin 


Attenuators: 








Collagen 

Elastin 

Hemoglobin 


Collagen 

Elastin 

Hemoglobin 


Collagen 

Elastin 

Hemoglobin 


Collagen 

Elastin 

Hemoglobin 



In normal tissue, fluorophores in or associated with the structural proteins (SP). collagen and elastin. are important. 
Fluorescence contributions from collagen and elastin are not treated separately below, as these compounds have iden- 
tical fluorescence lineshapes with 476 nm excitation. In atherosclerotic tissue, ceroid (Ce) contributes to the fluorescence 
in addition to the structural proteins, as detailed in Table 2. Ceroid is a morphologic term used to denote substances 
which (i) stain like a lipid, (ii) are not dissolved by usual lipid solvents, and (iii) fluoresce in the visible when excited by 
UV light. Ceroid is a complex of protein associated with oxidized lipids and its exact identity is unknown. 
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The attenuation effects of ceroid and the structural proteins are included in equation (3). In addition, as noted above 
absorptjon spectroscopy indicates that hemoglobin (Hb) is an important attenuator in normal and atherosclerotic tissues. 
Using this information, the most general form of eq. (3) including all of these chromophores is: 

S<476.X m ) = k P(476) { ^^-^S^^^^ts^^ anW^'H/ (4) 

{ (K ,sp(476) + h , SP (X m ))+(n tCe (476)+n tCe (X J)+<H , H b(476)+n tHb (X m )) } 

A knowledge of the chemical properties of these chromophores and the physical structure of arterial tissue allows 
us to simplify Eq. (4). First, the quantum efficiency of hemoglobin is negligible. Second, fluorescence microscopy shows 
ttiat ceroid .s present as small discrete deposits near the central necrotic region of plaques. The implications of this can 
be most easily seen if equation (4) is written as: 

^ aSp (476,^Z^ 

S(476.X m ) = kP(476){ ; 7 2 

[f», SP (476) +t i tsp (X m j + ^ tHb (476) + n tHb (X m ) + n tCe (476) + ^ tCe (XJ] + < 5 > 



[fi tsp(476)+n tsp (X m )+n , Hb (476)+n tHb (X m ) +l i tCe (476) +( i tCe (X m )] } 

The localization of ceroid implies that the attenuation of structural protein fluorescence by ceroid is small- there- 
fore, the ceroid attenuation terms can be neglected in the denominator of the first term in eq. (5). Although the effects 
of ceroid attenuation can be neglected for structural protein fluorescence, they are important for ceroid fluorescence 
These effects in an approximate way. The ceroid attenuation terms in the denominator of the second term in eq (5) are 
neglected but the ceroid fluorescence term in the numerator is replaced with an effective ceroid fluorescence lineshape 
This lineshape is approximated as the intrinsic fluorescence lineshape divided by a normalized ceroid attenuation lin«- 
shape. Eq. (5) can be rewritten to reflect these considerations as: 

kP(476) { m - r (A7«*8Pjg6.* m ) H aCe (476) ♦ 0 .(4*U m ) 

S(476.X m ) = Etc.(476)+p tCeMax 

{ (^.sp(476)+M tSP (X m )) + ( t i tHb (476) + n tHb (X m )) } < 6 > 

Ineq. (6) Umax's the maximum ceroid attenuation coefficient over the emission wavelength range. Asdiscussed 
above the modulation of ceroid fluorescence by ceroid attenuation is included by dividing the ceroid fluorescence by a 
normalized ceroid attenuation lineshape. This represents a relaxation of the assumption that ceroid is distributed homo- 
geneously^n order to better reflect the physical situation. This approximation allows the ceroid fluorescence lineshape 

difficulties which would be associated with otaining an unattenuated ceroid fluorescence lineshape 

Eq. (6) can be simplified further if the fluorescence and attenuation lineshapes are normalized to yield: 

S(476X ) - k P(476) { Psp(476)F sp (476.XJ + p- Ce (476)F Ce (476. X m ) } 

{ x sp (476)A sp (476.X m ) + x Hb (476)A Hb (476.X m ) } (D 



where 



PW-«> ,8, 
x(476) = ji,(476) + n 1Max 
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A(476.X m ) = 



^t(476)»|i t (X m ) 
R t (476) + t i tMax 



M*76)<fr' Max 



P = 



<K476.X m ) 



H t (476) + Ml (X m ) 



fi t (476) + n lMax J 



**Max 



In Eq. (8), 

4>Max and n tMax are the maxiumum yield and attenuation coefficient over the emission wave length range, respectively. 
F represents a normalized intrinsic fluorescence lineshape and A represents a normalized round trip attenuation line- 
shape. As n is proportional to the chromophore concentration, both p and x are proportional to the chromophore con- 
centration. In addition, p is proportional to the quantum yield at the peak emission wavelength. Thus, changes in p can 
reflect either changes in the chromophore concentration or quantum yield. 

In our treatment of ceroid, $ if replaced by <fr'; <(>' represents an effective quantum yield for the net ceroid fluorescence 
which has been modulated by ceroid absorption. Thus, p' Ce is proportional to the ceroid concentration and its maximum 
effective quantum yield. F Cs is the normalized fluorescence lineshape from a sample thick compared to the penetration 
depth of 476 nm radiation. 

Eq. (7) is the key equation to understanding the fluorescence from artery wall. It shows that the fluorescence from 
both the structural proteins and ceroid are modulated by attenuation of the structural proteins and hemoglobin. Ceroid 
fluorescence is also modulated by ceroid attenuation. In the following description the lineshapes needed to utilize Eq. 
(7) are extracted using fluorescence spectra of optically thick tissues. 

Generally, the apparatus used to collect the tissue fluorescence spectra of Figures 13-17 is illustrated in Figures 
3A-3D and consists of an argon ion laser 1 0, an optical fiber laser catheter or probe 20. and a scanning monochromator 
28 with a photomultiplier tube 30. One embodiment of an optical f foer laser catheter used to collect data contains nine 
optical fibers 24 encased in a transparent quartz shield 45 the ftoers 24 concentric around a central excitation fiber 18, 
coupled to the laser, which in this embodiment provides a 1 mm diameter spot at the surface of the shield. The collection 
fibers 24, surrounding the central fiber 18 are arranged to view only the tissue illuminated by the central fiber, and are 
used to collect tissue fluorescence. The distal ends 48 of these fibers are coupled to the entrance slits of the monochro- 
mator 28 with suitable collection optics 26. Figure 3B shows the distal end 46 of the probe where the distal ends 50,48 
of the excitation and collection fibers respectively are concentrically arranged. Figures 3C and 3D show an alternative 
embodiment using a larger number of fibers 52 concentric around a central lumen 58 and coupled to an optical shield 
56 having a distal surface 60 on which overlapping spots of light 62 are formed. 

The data from the photomultiplier tube 30 can be averaged with the use of signals from the ratioing photodiode 16 
and subsequently processed 34 and displayed 36. 

The well defined collection geometry of this system represents a substantial improvement over that of typical spec- 
trofluorimeters. in which recorded signals are significantly distorted by reabsorption. In collecting tissue fluorescence 
spectra, an excitation intensity of 1 00 ^W/mrrtf was used in a 1 .0 mm diameter spot. Data collection time was 40 seconds 
Spectral resolution of the detector was 6 nm FWHM, and a time constant of 250 ms was used to record all data. Data 
presented has been corrected for the non-uniform spectral response of this system. 

All tissue studied was human cadaveric aorta obtained at autopsy within 24 hours of expiration. Samples were snap- 
frozen in liquid nitrogen and isopentane and then stored at -70°C until use. Spectra were obtained from samples kept 
moist using a buffered, isotonic saline solution, pH 7.4, at room temperature. Tissue type was determined histologically 
according to Table 1 . 

In order to fix the lineshapes in Eq. (7), several simple one-layer arterial tissue systems were studied, as opposed 
to studying the optical properties of pure chromophores. The advantage of this approach is that it intrinsically includes 
the effects of scattering in the tissue. In addition, this method allows us to investigate endogenous chromophores in their 
natural environment, avoiding possible effects due to extraction. 

In other cases, the composite spectrum will arise from two (or conceivably three) layers; a one layer model will then 
describe the tissue in terms of some average of its optical properties. The extension to more than one layer is straight- 
forward. 

Ravins which have broad absorption at 450nm and broad emission at 450nm can also contribute to the fluorescence. 
The chromophores also contribute to the composite tissue fluorescence spectrum through reabsorption. A heme con- 
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taining compound, believed to be oxy-hemoglobin. is also present mainly in the intima of normal aorta, but is found in 
£S ^ entr !! i0nS 1 i , n media and ather osclerotic intima as well. The 540 and 580 nm absorption peaks of oxyhemo- 
globin produce the valleys at 540 and 580 nm in the composite tissue fluorescence spectra. 

The first system utilized a single optically thick section of media, blunt dissected from a sample of normal aorta A 

l!ZT ^ ? JeC !. rUm ° f the bU ' k tiSSUe W3S r6COrded ' yie,din9 S < 476x n,)- and is shown in Fig. 1 3. The 476 nm exerted 
fluorescence lineshape of media is found to be identical to that of powdered bovine collagen and elastin. In addition 
We fluorescence spectrum of this section of media did not exhibit valleys at 540 and 580 nm. which have been attributed 
to the Presence of hemoglobin. Thus, the important chromophores in this system are limited to structural proteins but 
the use of the present procedures is not limited to these proteins. Eq. (7) simplifies to 

SI476X 1 Ps P (476)F sp (476.XJ 

S(47<Um) * SP (476)A sp (476.X m ) kP ( 476 ) < 9 > 

A fluorescence spectrum was then obtained from a 10 P m section of normal media directly providing an unatten- 
uated structural protein emission, as 

S Th in( 4 76.X m ) = p s P (476)F S p(476.X m )kP(476)dz ( 10 ) 

where dz is the sample thickness. p SP (476)F SP (476)dz is also shown in Fig. 13. Thus. x SP (476)A SP (476 JlA can be 
extracted, and is shown in Fig. 14. SPV De 

tha h™^™ri t °,? tain * he ? m09 ' 0bin attenuation "neshape. x Hb (476)A Hb (476.X m ). It has been shown that 
the hemoglobin content of tissue can be increased by exposing the tissue to hemolysed blood. We exploited this fact to 
extract the hemoglobin attenuation lineshape. The same thick section of media used above was exposed to hemolysed 
l^keslhVfoTm 506,106 SP6CtrUm ° f the bU ' k tiSSUe W3S rec ° rded - As nem °9lobin is an important chromophore. Eq. 

S(476X )- kP ( 47 6)Psp(476)F sp (476.X m ) 

' m ' {x SP (476)A SP (476.X m ) + x Hb (476)A Hb (476,X m )} < 11 > 
Since F SP andL A SP are known. A^ can be extracted directly. Several ^ curves were obtained for different 
concentrations (x» b of hemoglobin corresponding to those typically observed in tissue in vitro, as judged by the depth 
of the valleys in the fluorescence spectrum at 540 and 580 nm. These curves were averaged, yielding the curve shown 

rite JJL°7« remain ! n9 Reshape in Eq. (7) is F Ce . F Ce was measured directly from bulk necrotic core which was blunt 
dissected from specimens of fatty plaque. The localization of ceroid in the necrotic core permits this approach The 
average lineshape from several sanples is shown in Fig. 16. 

hn.icIJfl 9 f etermi " ed * e '^shapes in Eq. (7), F SB Fc, A SP and A^ the experimental LIF spectra from 

bulktissuecannowbem<xJe.ed.7beparam^^^ 

on the quantum yields, absorption coefficients and concentrations of collagen and elastin while x SP depends on the 
attenuation coefficients and concentrations. 

In fitting the data, the parameters were varied in order to minimize chi-square. the square of the difference between 
the experimental and calculated fluorescence signal divided by the standard deviation. Typical frts to data are shown in 
r^ll ■£ fhT 8 1 eT Tl t,SSUe ^ 1,16 8«*««*« * the method to the data was judged by calculating the 

nTw™« P^ility was calculated using an incomplete gamma function. In general, a probability ofTess than 
thil^Z^ 5 ^ Z ,ndlCa,e that the P roc «^ was a poor representation of the system. Typically, values of 

z^iz^ztzr to be 9reater - 0 9 - ™ s ^ * at the ^ an ~ 

rpJSJL?„ t°2 *Z?H? * * he paramelers - Psb Pc« and x Hb . for all samples are shown in Figs. 19, 20, and 21. 

som^SJf 6 i .f Ver T! ^ Slandard deviati0nS for Psp and P'co for each of the Cassations as well as 
some additional combinations of these classifications. 

6 of S'n^lnSv T to ^°T re ^ e parameters Ps P and p Ce for several different tissue classifications. 
Ps P of (0.1) was significantly higher than that for pathologic tissues. (2,3). (4.5). with p < .01. p'^ for calcified tissues 

p SP for (0) and (1) were not found to be significantly different, while the values of p 1 ^ were to < 10) 

coefficients, re^ectively. and thus provide a link to the chemical composition of the tissue. As these coefficients are 
.nearly refated to the chromophore concentration, p and x are proportional to the concentration. 1^ ^SSSSt 

tnic^ess ?S£T °' Ch ™^ 0res is not *» multi-layered tissues in whiTthe intima. 

hickness is less than the 1/3 of the penetration depth of 476 nm light in tissue. In applying a one layer method to a two 
layer system we calculate some average value of p and x. These average values can vary ranging £m p an^x of h£ 
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two to that of layer one as the 

Table 3 



Classification 


No. of Samples 


PSP 




0 


16 


16 95+4 66 




1 


58 


14 28±6 53 




2 


25 


5.9Q±5.71 




3 


11 


6.41±6.14 




4 




6.35±4.59 


2.30±2.77 


5 


14 


4.94+3.11 


2.11+2.33 


6 


7 


8.03+2.50 


0.03+0.08 


0.1 


74 


14.86±6.25 


0.94±0.96 


2.3 


36 


6.13±5.79 


1.26±1.40 


4.5 


24 


5.53±3.77 


2.19±2.46 



When measuring absolute fluorescence intensities, the information obtained is a combination of intrinsic fluores- 
cence and attenuation. For example, a low value of absolute intensity can be due to either reduced intrinsic fluorescence 
or to increased attenuation. To obtain chemical information, it is necessary to separate these processes. In our method 
the changing attenuation is due to the presence or absence of hemoglobin, as represented by the parameter Xhi, As 
shown in Fig. 21. on average is higher for normal tissues. The distribution of values, however, overlaps widely with 
other tissue types. The usefulness of extracting XH b lies in the ability to separate the effects of fluorescence and atten- 
uation. In addition, in vivo measurements of arterial fluorescence have demonstrated that in vitro tissue may contain 
different concentrations of hemoglobin. In vivo measurements indicate that hemoglobin is not an important attenuator 
in normal tissue but is important in calcified plaques. Thus, the method in separating fluorescence and attenuation 
effects, provides a procedure for connecting in vivo and in vitro data 

A non-zero p' Ca indicates the presence of ceroid. Ceroid has been correlated with the presence of extensive athero- 
sclerosis. Figure 20 and Table 3 show the data are consistant with this: the average value of p' Ce is higher for pathologic 
specimens and appears to increase with the severity of the disease. Calcified plaques were associated with a particularly 
high value of p' Ce . This is consistent with observations made with a fluorescence microscope indicating ceroid deposits 
are often localized adjacent to calcified areas of tissue. In f ibrotic/sclerotic specimens, the amount of ceroid is negligible 
reflecting the pathology of this tissue type. Detecting the presence of sub-surlace ceroid fluorescence utilizing surface 
excitation is an important feature. The method provides a means of assessing ceroid content of tissues jn viyq and in vitro 

Interpretation of the parameter p SP is complicated by the fact that p SP contains contributions from both coiiagYn 
and elastic Results indicate that the quantum efficiency of elastin is higher than that of collagen with 476 nm excitation 
although the band shapes are identical. Thus, a high value of p SP indicates a high ratio of elastin concentration to 
collagen concentration. Since the media consists mainly of elastin. and the intima mainly collagen, the effective ratio of 
these concentrations, reflected by our one-layer value of p sp decreases as the intimal thickness increases. As shown 
in Table 3. p SP is highest for normal tissue, is slightly lower for intimal fibroplasia, and is significantly lower for patholoqic 
specimens. 

Although these results hold for comparing general classes of tissue, there are other important effects which also 
can influence p SP For example, in specimens displaying intimal fibroplasia there is no significant correlation of fep to 
intimal thickness. This is due to the varying chemical structure of the intima as intimal fibroplasia develops Initially the 
intima is mostly cellular, but becomes collagenous with increasing intimal thickness. These higher concentrations of 
collagen can also lead to higher p SP values. In addition, it is known that the collagen structure can vary with tissue type 
and the presence or absence of atherosclerosis. Different collagens do not necessarily have the same quantum yield 
and this factor can further affect p S p 

The method parameters contain chemical information about tissue composition which is related to the presence of 
pattno ogy in the tissue. The challenge in obtaining a clinical diagnostic is to find criteria which separate normal and 
pathologic tissue, despite the wide variance in the distributions of these parameters. For the purpose of this discussion 
intimal fibroplasia is considered •non-pathologic*. In the context of atherosclerosis, this classification is justified, since in 
the aorta intimal fibroplasia is rarely hemodynamically significant. 

A simple criterion. p SP > 9.0 indicating a non-pathologic (0.1) specimen and p SP < 9.0 indicating pathology correctly 
diagnoses the presence or absence of atherosclerosis in 84% of the 148 samples shown in Fig. 19. This criterion, and 
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others discussed below, were chosen to maximize the percentage of samples in which the presence or ah**^ ~, 

ine intensity of 520 nm (Fig. 19). This empirical procedure is chosen because this wavelenoth corresponds tn thJ« 
rescence maximum observed for collagen and eJastin, and thus should be re*** Iff SSS££lS" 

ne lil^; S« l^ 6 "Tr*? m ***** «""•• in the method (88% correct) is largely SEE 

the ability of the method to separate the effects of ceroid in 6*^ and those of collaoen/elastin in r « 

alone were found to be useful in diagnosing tissue type. collagen/elastm in p SP Neither Pce nor x^ 

■ definldTE q Tl2) to ** ***** ° f "* * *° t6St itS sensitivit K and »«**• value as 

sensitivity = no. of true positives/total no. of diseased samples 
specificity = no. of true negatives/total no. of normal samples 
predictive value = no. of true positives/total no. of positives 
"ere. positives refer to those samples diagnosed as having disease. True positives denote positives actuallv 

ures the ability of the procedure to detect disease, while the specificity determines its abilfty to detect normal Sts 
The sensrtiv.tyspecrf.c.ty and predictive value of the empiric*! procedure in ^ 

the ability of the p SP procedure to diagnose calcified samples sensitivity reflects 

olot of ^ « 6 aC S.T e f ^ dia9nOSiS ' 3 ^ c,assifica «°" scheme should be considered. Fig. 22 shows a 
PSP J ^ SSrf ICat ' 0nS 6XCept intimal f tor °P las, 'a- By limiting our consideration to these tissue cateoories 

ZrZV£w^^ n ZT mes wi l resp T t0 normal tissue (0 >' and ™ mai ^SSICSS: 

«f 'IvT , S6p f ately ^'"ated. The decision surface indicated by the divisions in Fig. 22 conectJy diagnoses98% 

a hJ?' ?H ShOWS 3 P !^! ° f P ' Ce w Psp Whfch inc,udes toe intimal fibroplasia samples. The divisions in this plot indicate 
the^^nr " U * C l far ClaSSifiCa « on 01 « ssue «W ^t in Fig. 22. ThTs surface correctly 2£ESS?5 

S5S2^?a^T^T^ ^ iS 91%> WhMe te ■ P6dflc ^ fe ™» ^sionsurfSehasa 

Zm Z , r f f k T°" The P 00 ' 6 ' performance of *h e «*»y ^heme when intimal fibroplasia is included reflects the 
SSlE? fibroplasia is an initial step in the formation of atherosclerosis. Thus. thisLue type bmm d M ^o 
drfferent.ate from samples delaying well developed atherosclerotic plaques 

The decision surfaces discussed above were drawn to maximize the percentage of correctly diaanosed samoles 
app,i r tionS * m, ' 9ht be more advantageous to maximize other pJS^IS^SSE 
specialty or predictive value. For example, a diagnostic procedure to control laser ablation JuShJSdSjSTSSS 
maximize specrfiaty in order to avoid perforation of the artery wall atneroscierosis should 

It is important to consider probability distributions for each of the parameters to assist in determinina the best dian 

d^r^ 

J2^a I 2a 2 J 



-rn^ — (13) 



[1 1 
l-_£exp(-t 2 ,2)dtj 

Here ; m and a no longer refer to the mean and standard deviation of the truncated distribution These Quantity 
varlanceofTheTl^ ^ data ' m *" ° W6re in an fas hi°n. until the mean and 

Offb^a^ 

as in Rn 1 kZL^Jt ™? therefore be considered reasonable approximations. Using the same dedsiomwetor 

were fo^ EX SfS Va ' Ue W6re aSS6SSed "** 4,16 area ^e distrftJon Tnele 

quantities were found to be 79%. 82% and 90%. respectively, close to those values calculated from Fig. 18. 
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A representation of the truncated normal probability distributions for the binary classification scheme PVv, vs fc. j s 
shown in Fig. 25 as a contour plot The decision surface is that of Fig. 23. Similar to the method used for the Sole 
truncated normal distribution for P S p the sensitivity, specificity and predictive value were found to be 82%, and 88% 

From Figs. 24 and 25. the probability that a given value of and /or p SP corresponds to a given type of tissue 
cannot be determined. This requires a priori knowledge of the relative normal and diseased sample populations How- 
ever. Figs 24 and 25 provide the values for sensitivity, specificity and predictive value. 

The above presents a method for analyzing fluorescence spectra of human tissues with the goal of diagnosing the 
presence of pathology. The method of tissue fluorescence was developed, and the steps necessary for applying this 
method to a specific type of tissue were described. It has been established that analysis of tissue fluorescence data 
within the framework of the method yields two related types of information, the chemical composition of the tissue and 
the tissue type. 

This method was followed for the specific example of 476 nm LIF from human aorta but can be employed with any 
type of tissue. The fluorescence and attenuation lineshapes necessary for application of the method were determined 
Data from 1 48 samples were analyzed, and it was shown that the method parameters could be correlated to the chemical 
composition of the tissue, namely the structural protein, ceroid and hemoglobin concentrations. In addition several 
diagnostic procedures for the presence of atherosclerosis were defined and evaluated, using the method parameters 
Finally, statistical distributions for the parameters with respect to sample type were presented, providing the data nec- 
essary to develop specially tailored diagnostic procedures for the presence of atherosclerosis. 

The method presented here allows for separation of normal and atherosclerotic tissues. However, the method can 
be used to separate tissues of each classification (Table 1). Another embodiment of the current method extends to two 
layers wh.ch allow extraction of an additional parameter, the thickness of the first layer, which improves the ability to 
separate tissue types. 

The model can also be extended to include the layered structure of tissue and additional chromophores. In addition 
independent measures of tissue fluorescence efficiency and oxy-hemoglobin concentration can be obtained in order to 
conelate these values to those calculated in the model. 

Claims 

1 . A method of irradiating chromophores in endogenous tissue to identify tissue composition comprising: 

irradiating the endogenous tissue with radiation having a wavelength equal to an excitation wavelength of a 
chromophore at which the chromophore undergoes intrinsic fluorescence; 

detecting a fluorescence emission spectrum of the tissue resulting'from the irradiation thereof and charac- 
terized by; 

deconvolving the fluorescence emission spectrum into a plurality of separate spectral components by com- 
panng the emission spectrum to a plurality of reference lineshapes and determining which of the reference line- 
shapes is contributing to the emission spectrum, the contributing lineshapes each defining one of the said spectral 
components; and 

analyzing the spectral components to determine the presence of the chromophore in the tissue. 

2. The method of irradiating chromophores of claim 1 in which each reference lineshapes is a detected intrinsic fluo- 
rescence emission spectrum modulated by an attenuation spectrum. 

3. The method of irradiating chromophores of Claim 1 further comprising the steps of : 

selecting a second known excitation wavelength of a second chromophore at which the second chromophore 
undergoes fluorescence; 

inadiating simultaneously the endogenous tissue with radiation having the second wavelength; 

observing a second fluorescence emission of the tissue resulting from the irradiation within the second wave- 
length; and 

analyzing the observed spectrum to determine the presence of the second chromophore in the tissue. 

4. The method of claim 3 further comprising illuminating the tissue at additional selected wavelengths to induce fluo- 
rescence of additional chromophores and determining additional pathological characteristic of the tissue. 

5. The method of irradiating chromophores of Claim 3 further comprising the step of determining the wavelength of 
peak fluorescence of the first and second chromophores within the first and second emissions. 

6. The method of claim 5 further comprising the step of determining the ratio of the two fluorescence peaks. 

7. The method of irradiating chromophores of Claim 1 
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toe emi«°nT2r hT f d * e ™'" in 9 *• ^length of peak fluorescence of the chromophore within 
the em.ss.on spectrum and determ.n.ng the ratio of the peak with a selected valley within the emfesion- or 

c f^Sr ™ ana ' y ?? "*? SeP l rateS 3 reabsor P tion SP**™ from the fluorescence emission spectrum- or 
c) further comprising determ.n.ng the concentration of the chromophore within the tissue. apec,rum - or 

8 ' ^Mb)X^ (c) - C ' aim 1 Wh6rein Chr ° mOPh0re <*> * arteria, 

9 * I£™ ^ S irradia S 9 ch / om °P hores <* Claim 1 hither comprising determining the concentration of the chromo- 
phore .n the tissue relate to the concentration of the chromophore in a reference sample. 

10. The method of inadiating chromophores of Claim 1 further comprising irradiating the tissue with a laser. 

1 1 ' f toe e rS^ce adiatin9 Chr ° m ° ph ° reS ° f C,aim 1 Erecting the radiation onto the tissue with a 

12. A method of analyzing tissue as claimed in claim 1 comprising the steps of 

illuminating tissue with light of a first wavelength that stimulates fluorescence of a first chromoDhore to dPter 
mine a first pathological characteristic of the tissue; and cnromophore to deter- 

to d-JS^!^^ 

to determine a second pathological characteristic of the tissue. ^ e 

13. A method according to any one of the preceding claims, wherein the tissue is within the living human body. 

14. Apparatus adapted for use in carrying out a method according to any one of claims 1 to 10 comprising- 
chromophobe; ' ^ *" end09en ° US bSSUe "" h radiation havin 9 a ^ citation wavelength of the 
character^ 3 ,,uwescen <* ernission spectium of the tissue resurting from the inadiation thereof and 

means for deconvolving the fluorescence emission spectrum into a plurality of separate soectral enmnonnnt,* 
by companng the emission spectrum to a plurality of reference lineshapel -and deterSng 
hneshapes is contributing to the emission spectrum, the contributing lineshapes each defining , <Si of sSd»SS 
components being correlated with the fluorescence emission of the chromophore- and 

to detent n7t^ r r a,y2in9 ^V"?'* delated with the fluorescence emission of the chromophore 

to determine the presence of the chromophore in the tissue. ■■""■opnore 

15 * sTuS aratUS ^ C,aim6d in C ' aim 14 in ^ meanS for irradiatin9 the tissue is a state laser excitation 

16. An apparatus as claimed in claim 15 in which the laser is a Nd/YAG that can be frequency doubled. ' 

17. An apparatus as claimed in any one of claims 14 to 16 including a probe for intraluminal use with a central excitation 
fibre and a plurality of collection fibres surrounding the central fibre. excitation 

18. An apparatus as claimed in claim 1 7 in which the fibres of the probe overlap. 

19. An apparatus as claimed in either one of claims 1 7 and 18 in which the probe includes a central lumen. 

co n m^s a es a a dS p^^ °"" " h "** ™™ *» a " a '^ the spectia, component 

Patentanspruche 
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Zerlegen des RuoreszeroernissionsspeWrums in eine Vielzahl von einzelnen Spektralanteilen durch Ver- 
gleichen des Emissionsspektrums mit einer VieJzahl von Bezugskurven und Bestimmung. welche der Bezugskurven 
am Emissionsspektrum beteiligt sind. wobei die beteiligten Kurven jeweils einen der Spektralanteile bestimmt- 

und Analyse der Spektralanteile, urn das Vorhandensein des Chromophors in dem Gewebe zu bestimmen. 

2. Veriahren zur Bestrahlung von Chromophoren gemaB Anspruch 1. bei welch em jede Bezugskurve jeweils ein 
erfaBtes. intrmsisches Ruoreszenzspektrum darstellt. welches von einem Abschwachungsspektrum moduliert wird. 

3. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 1, welches weiterhin diefolgenden Schritte umfaBf 

Auswahl einer zweiten bekannten Erregungswellenlange eines zweiten Chromophors. bei welcherder zweite 
Chromophor Fluoreszenz aufweist; ' 
gleichzeitige Bestrahlung des korpereigenen Gewebes mit einer Strahlung der zweiten Wellenlange- 
Beobachtung einer zweiten Fluoreszenzemission des Gewebes. welche von der Bestrahlung innerhalb der 
zweiten Wellenlange herrOhrt; und 

Analyse des beobachteten Spektrums. urn das Vorhandensein des zweiten Chromophors in dem Gewebe 
zu bestimmen. 



4. Verfahren gemaB Anspruch 3, bei welchem auBerdem das Gewebe bei weiteren ausgewahlten Wellenlangen 
beleuchtet wild, urn Fluoreszenz von weiteren Chromophoren herbeizufuhren und weitere pathologische Merkmale 
des Gewebes zu bestimmen. 

5. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 3, bei welchem auBerdem die Wellenlange der 
Peakfluoreszenz des ersten und zweiten Chromophors in der ersten und zweiten Emission bestimmf wird. 

6. Verfahren gemaB Anspruch 5. bei welchem auBerdem das Verhartnis der beiden Fluoreszenzpeaks bestimmt wird. 

7. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 1. wobei 

a) auBerdem die Wellenlange der Peakfluoreszenz des Chromophors in dem Emissionsspektrum bestimmt 
wird und das Verhaltnis des Peaks zu einem ausgewahlten Tal in der Emission bestimmt wird- oder 

b) in dem Analysevorgang ein Peakabsorptionsspektrum von dem Ruoreszenzemissionspektrum abgetrennt 
wird; oder 

c) auBerdem die Konzentration des Chromophors in dem Gewebe bestimmt wird. 

8. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 1. bei welchem das Chromophor 

(a) Tryptophan in arteriellem Gewebe. 

(b) Kollagen oder 

(c) Elastin 

enthalf oder daraus besteht 

9. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 1 . bei welchem auBerdem die Konzentration des 
Chromophors in dem Gewebe gegenOber der Konzentration des Chromophors in einer Bezugsprobe bestimmt wird. 

10. Verfahren zur Bestrahlung von Chromophoren gemaB Anspruch 1. bei welchem auBerdem das Gewebe mit einem 
Laser bestrahlt wird. 

11. Verfaluen zur Bestrahlung von Chromophoren gemaB Anspruch 1. bei welchem auBerdem die Strahlung mfttels 
einer Faseroptikvomchtung auf das Gewebe gerichtet wird. 

12. Ein Verfahren zur Analyse des Gewebes gemaB Anspruch 1 . das folgende Schritte umfaBt 

Beleuchten des Gewebes mit Licht einer ersten Wellenlange. welche die Fluoreszenz eines ersten Chromo- 
phors shmuliert. urn ein erstes pathologisches Merkmal des Gewebes zu bestimmen; und 

Beleuchten des Gewebes mit Licht einer zweiten Wellenlange. welche die Fluoreszenz eines zweiten 
Chromophors stimuliert. urn ein zweites pathologisches Merkmal des Gewebes zu bestimmen. 

13 " S l2 r ? hren 9emaB einemdervomer 9ehenden Anspruche. bei welchem sich das Gewebe im lebenden Menschen 
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14. Vorrichtung zum Durchfuhren eines Verfahrens gemaB einem der AnsprOche 1 bis 10. welche folgendes aufweist- 

aunnJr! la tUn9 ! Um ^ eStrahl ! n deS tor P erei 9 en en mit einer Strahlung. welche eine bekannteErS 

gungswelleniange des Chromophors aufweist; 

rahl, ,nn E l n r riCh !l! n9 z " m ^ mrt ^ eines F'uoreszenzemissionsspektrurns des Gewebes. welches durch die Best- 
rahlung erzeugt und gekennzeichnet wird; ^ l 

ameil^S v^^^ 69 ^" d6S ""^^ssionsspektrums in eine Vielzahl von einzelnen Spektral- 
Ztt JZ^ 9 1" 68 Em,SS '° nSSpektriJms mit einer V*' 23 "' v °n Bezugskurven und Bestimmung welche 
k . !^ 9 w 6 2Um Emis s'onsspektrum beitragt wobei die beteiligten Kurven jeweils einen der SpekfralanteHe 
bestimmt. der mit der Fluoreszenzemission des Chromophers korreliert wird- und *peKtraiante,le 

k ni r Ql £ !! nriChtUn H 2U w to™ 1 ^™ des Speklralanteils, welcher mit der Fluoreszenzemission des Chromophors 
korrehert, urn so das Vorhandensein des Chromophors in dem Gewebe zu bestimmen. ^nromopnors 

16. Vorrichtung gemaB Anspruch 15. bei welchem der User ein Nd/YAG ist. welcher f requenzverdoppett werden kann. 

17. VorrichtunggemaSeinemdervorhergehenden AnsprOche 14bis 16. mit einer Sonde zurintraluminalen Verwendunq 
FaliumX ^"^^^ 

18. Vorrichtung gemaB Anspruch 1 7. bei welchem die Fasern der Sonde einander Oberlappen. 

19. Vorrichtung gemaB einem der AnsprOche 17 und 18. bei welchem die Sonde einen zentralen Hohlraum aufweist. 

"•d^XS^ 
Revendications 



2. 



leslt^sq^^^ 

h ww 8 ^ 16 endog6ne avec m rayonnement ayant une longueur donde egale a une longueur d'onde 

TJ U " chrom °P hore a le chromophore subit une fluorescence intrinseque- 

etapes qui^nsSeSr 6 * f ' UOresCenCe du tissu resultart de *>" -Hdiation. et caractarisa par les 

narant ? 6CO "? OS * ,e fP?* 8 Mission de fluorescence en plusieurs composantes spectrales separaes en com- 
parant le spectre dam.ss.on avec plusieurs profils de raference et en dominant quefest le profit reffrerce^ui 
contnbue au spectre demission, les profils contnbuteurs daf inissant chacun une didites cor^mJ^SS 

analyser les composantes spectrales pour daterminer la presence du chromophore dans le tissu. 

Procada dirradiation de chromophores selon la revendication 1. dans lequel chaque profil de refarence est un 
spectre d am.ss.on de fluorescence intrinseque datecta. moduia par un spectre daXiE. 

Proceda dirradiation de chromophores selon la revendication 1. comprenant en outre les etapes qui consistent a- 

irradier simultanement le tissu endogene avec le rayonnement possedant la seconde longueur donde- 
dondeT"'" 6 ^ 0 ^^ 

analyser le spectre observe pour daterminer la prasence du second chromophore dans le tissu. 

dn^tJKT ,a A revendica ! ion 3 - comprenant, en outre, ratape qui consiste a eclairer le tissu a des longueurs 
d onde saiecttonnaes suppiamentaires pour declencher une fluorescence de chromophores suppTemen S a 
daterm.ner une caractaristique pathologique suppiamentaire du tissu supp.ementa.res et a 
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5. Precede tf irradiation de chromophores selon la revendication 3. comprenant en outre. retape qui consiste k deter- 
miner la longueur d'onde du pic de fluorescence du premier chromophore et du second chromophore dans la 
premiere emission et dans la secoiide emission. 

6. Precede selon la revendication 5. comprenant, en outre, retape qui consiste k determiner le rapport des deux Dies 
de fluorescence. 

7. Procede d*irradiation de chromophores selon la revendication 1 , 

a) compr enant, en outre, retape qui consiste k determiner la longueur d'onde du pic de fluorescence du chromo- 
phore dans le spectre demission et k determiner le rapport du pic avec un creux choisi dans remission* ou 

b) dans lequel ladite etape d'analyse separe un spectre de reabsorption du spectre remission de fluorescence- 
ou * 

c) comprenant. en outre, retape qui consiste k determiner la concentration du chromophore dans le tissu. 

8. Precede d'in-adiation de chromophores selon la revendication 1 . dans lequel le chromophore comprend (a) du tryp- 
tophane dans un tissu arteriel. (b) du collagene ou (c) de reiastine. 

9. Procede tf irradiation de chromophores selon la revendication 1 , comprenant. en outre, retape qui consiste k deter- 
miner la concentration du chromophore dans le tissu par rapport k la concentration du chromophore dans un echan- 
tillon de reference. 

1 0. Procede dlrradiation de chromophores selon la revendication 1 . comprenant en outre, retape qui consiste k irradier 
le tissu avec un laser. 

1 1 . Procede d'irradiation de chromophores selon la revendication 1 . comprenant. en outre, retape qui consiste k diriger 
le rayonnement sur le tissu k I'aide d'un dispositif k fibre optique. 

12. Procede d'analyse d'un tissu selon la revendication 1. comprenant les etapes qui consistent k: 

eclairer le tissu avec une lumiere d'une premiere longueur d'onde qui stimule la fluorescence d'un premier 
chromophore pour determiner uhe premiere caracteristique pathologique du tissu; et 

eclairer le tissu avec une lumiere d'une seconde longueur d'onde qui stimule la fluorescence d'un second 
chromophore pour determiner une seconde caracteristique pathologique du tissu. 

1 3. Procede selon I'une quelconque des revendications precedentes. dans lequel le tissu est k I'interieur de I'organisme 
humain vivant. 

14. Appareil congu pour etre utilise afin de mettre en oeuvre un proc6d6 selon I'une quelconque des revendications 1 
k 10, comprenant: 

un moyen pour irradier le tissu endogene avec un rayonnement ayant une longueur d'onde d'excitation connue 
du chromophore; 

un moyen pour detecter un spectre demission de fluorescence du tissu resultant de son irradiation et cara- 
cterise par: 

un moyen pour decomposer le spectre cfemission de fluorescence en plusieurs composantes spectrales 
separees. en comparant le spectre demission avec plusieurs prof fls de reference et en determinant quel est le profit 
de reference qui contribue au spectre demission, les prof ils contributeurs def inissant chacun une desdites com- 
posantes spectrales associees k remission de fluorescence du chromophore; et 

un moyen pour analyser la composante spectrale associee k remission de fluorescence du chromophore 
pour determiner la presence du chromophore dans te tissu. 

15. Appareil selon la revendication 14. dans lequel le moyen pour irradier le tissu est une source d'excitation laser k 
semi-conducteur. 

16. Appareil selon la revendication 15. dans lequel le laser est un Nd/YAG qui peut etre double en frequence. 

17. Appareil selon I'une quelconque des revendications 14 k 16. renfermant une sonde k usage intraluminal munie 
d'une fibre d'excitation centrale et de plusieurs fibres collectrices entourant la fibre centrale. 
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Figure 7 LIF spectra excited at 306, 308, and 310 ran , 
/^Atherosclerotic plaque, c) Atheromatous plaque. 



27 



This Page Blank (uspto) 



EP 0 449 883 B1 



1800 




320 360 400 440 480 520 
WAVELENGTH (nm) 



1800 




— » 1 1 1 1 1 1 1 1 1 — 

320 360 400 440 480 520 

WAVELENGTH (nm) 

Figure 7 LIF spectra excited at 306, 308. and 310 nm. 
PJ Nonulceraied calcified plaque. ^Ulcerated calcified plaque. 
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gure f LIF emission spectra of L- tryptophan (Sigma) in dioxane (40 jiM; X x = 
285 nm) and saline solution (40 JiM, pH = 7.4; X x = 308 nm). 
Excitation scan of tryptophan in dioxane (X^ = 330 

nrrr normalized at 

X x = 308 nm) [recorded on spectrofluorimeter]. 
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Figure 9 LLF emission spectra. X x = 308 nm 

A) Collagen Type L hydraied (Calbicchem. Bovine Achilles Tendon). 
5)Elastin, hydrated (Sigma. Bovine Neck Ligament). 



30 



s 

This Page Blank (uspto) 



EP 0 449 883 B1 




31 



This Page Blank (uspto) 



EP 0 449 883 B1 




TIME (ns) 




-I 1 1 1 1 I » 



o 



8 12 
TIME (ns) 



-1 u 



16 



-I 1 1 1 1 I I ■ 



%/2B 



8 10 
TIME (ns) 



16 



32 



This Page Blank (uspto) 



EP 0 449 883 B1 



J3 

< 

IT 

o 

Q_ 



"O 
H 

o 
E 

w 

o 



a: 

UJ 

o 

CL 



E 
o 

w 

< 

a: 

LU 

o 

CL 




0.000 
500 



550 600 
WAVELENGTH (nm) 



650 




Figure. 



550 600 
WAVELENGTH (nm) 



650 




17 



550 600 
WAVELENGTH (nm) 



650 



33 



This Page Blank (uspto) 



EP 0 449 883 B1 



5500 




4000L ! [ i | j 

500 550 600 650 



WAVELENGTH (nm) 




Ol . 1 1 

500 550 600 



WAVELENGTH (nm) 

Figure, /y 



34 



This Page Blank (uspto) 



EP 0 449 883 B1 



o 

j? 9 g 

iZ u? 
— in b 

o o 2 9 

2 c < < 
• i i i 
O — cvj rO 



-SJ o 
o p o 

2 2 o 

Jc Jr i> 

< < CO 
-o -o ^ 

0)Q> 0 

^11 



o 5 



I • I 
^J- lO KO 



O 

.9 o 

2 2 o£ 
5 a> B < 

w 6 «> * a 

o •£ S o 
2 £ < < o 

• i i i i 
O — cm ro <d* 



O 

a 

e.y 

2 p 



a> 



a> 



< CO 

a> o 

^= o 

O w 

o5 

• i 
in cd 



^ % o 


°0«3 C 


in ° □ 
0 




* O ■ CD' 








CVJ 






i a 
13 Q 

■ D ° 


O q Q, D 


) 


. , i | ■ | I | i 



O 
O 



o 
o 



8 

d 



CVJ 

o 
d 



o 
d 







m 

Q 




* 








CVJ 

Q O 
O 


•It 


oooo ° 


a 

°o 
o a 

?e a 


O o oq o 




I ' 1 • | I— | 



o 



o 

fO 



O 

CVJ 

CL 



^ to 

tip 



0) 



35 



This Page Blank (uspto) 



EP0 449 883 B1 



o 

'55 jq 
o 0 S 

2eg| 

— v> fc a> 

c g a) a> 0 

o ■= £ £ o 
Z = < < O 



1 

O 



iiii 

- cm 10 *r 



CO 

2 

1£ 

2 S 

£ o 

< CO 
-o ^ 

II 
o:9 

I I 
m to 




VtJ 




G 


m 

□ 


0 


§ O D O 


0 


0 




ro 


□ 


















0 

0 


«° 0° 


O 






1 1 1 1 1 


1 1 1 1 





6^3 



fO 



CSJ 




G G° 




CM 



0 



o 
o 
o 
o 

If) 



o 
o 
o 
o 



~r 

o 

o 

o 

o 

ro 



o 
o 
o 
o 

CM 



o 
o 
o 
o 



-Q 
X 
X 



36 



This Page Blank (uspto) 



EP 0 449 883 B1 



0'Ce 



9- 




• Pathologic 


7- 


o 


5- 








• • 


o 


3- 


• • • 


• — — 

— x 


1- 


• D f o * 


- N ° rma| 


-1- 


• •<>• • coo 


x xxxx ° o 

1 1 r 



10 



20 



30 



• 0 

• 2,3,6 

• 4,5 



5- 



I- 





• 
• 




Pathologic 


• 

o 

• • • 


o 




* Normal 


3 °* ° * 

i 1 » 1 


4 

+ COO- -» 
' 1 » 




+ 

+ 



IO 



15 20 
/3SP 



25 30 35 



♦0,1 

• 2,3,6 

• 4,5 



Figure- ^3 



37 



This Page Blank (uspto) 



EP 0 449 883 B1 




38 



This Page Blank (uspto) 



EP 0 449 883 B1 



10.00 I- 



8.00 



6.00 



4O0 



2.00 



0.00 L 




1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ■ 1 1 ■ 1 1 1 . 1 1 1 . 1 1 1 1 1 1 1 1 1 1 , 1 1 
0.00 ZOO 14.00 21.00 28.00 35.C 

^SP 



39 



This Page Blank (uspto) 



Europaisches 
Patentamt 



European 
Patent Office 



Office europeen 
des brevets 



Urkunde Certificate Certificat 



Es wird hiermit beschei- 
nigt, daft fur die in der 
beigefugten Patentschrift 
beschriebene Erfindung 
ein europaisches Patent 
fur die in der Patentschrift 
bezeichneten Vertrags- 
staaten erteilt worden ist. 



It is hereby certified that 
a European patent has 
been granted in respect of 
the invention described in 
the annexed patent specifi- 
cation for the Contracting 
States designated in the 
specification. 



II est certifie qu'un 
brevet europeen a ete 
delivre pour I'invention 
decrite dans l.e fascicule 
de brevet ci-joint, pour 
les Etats contractants 
designes dans le 
fascicule de brevet. 



Europaisches Patent Nr. European Patent No. 

0449883 



Brevet europeen n° 



Patentinhaber 



Proprietor of the Patent Titulaire du brevet 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
77 Massachusetts Avenue 
Cambridge, MA 02139/US 



\L\AsJ 



Munchen. den _ _ _ _ 

Munich. 31.01.96 
Fail a Munich. Ic 



EPA/EPO/OEB Form 2031 01.96 



Ingo Kober 

President des Europaischen Patentamts 
President ol the European Patent Office 
President de !' Off ice europeen des orevets 



This Page Blank (uspto) 



Certificate of ©rant 

fox 

(faxxxopean patent 



NUMBER 0 44g 883 

FOR FRANCE GERMANY UNITED KINGDOM 

DURATION 20 YEARS FROM 17th November 1989 



PATENTEE 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 



SUBJECT A METHOD FOR LASER INDUCED FLUORESCENCE OF TISSUE 



NATIONAL 
RENEWAL 

FEE DUE 17th November 1996 

and ANNUALLY thereafter 



Tax reminders are sent as a matter of courtesy only, and no 
liability attaches to us if from any cause they should not be sent 
or should fail to reach their destination, or for any errors or 
omissions there may be therein. We accept no responsibility for 
the upkeep of the Patent in the absence of instructions and 
sufficient funds for that purpose. 



GRAHAM WATT 8c CO. 

EUROPEAN PATENT ATTORNEYS & 
CHARTERED PATENT AGENTS 



This Page Blank (uspto) 



